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Abstract
An experimental work on transitional separation bubbles is presented. The bubbles are generated on a flat plate by imposing, at
some distance from the plate’s leading edge, a region with a constant inviscid flow deceleration. Wall pressure, pitot-static probes,
hot-wire, PIV, and LDV anemometry measurements are conducted to characterize the flow evolution. The diﬀerent regions of the
separation bubbles are studied and scaling laws are proposed to quantify the laminar shear layer length, its angle with the wall,
the characteristic most amplified frequency, and the amplification rate during the linear stages of the transitional phenomena. The
reattachment of the flow is found to be related to the evolution of the large scale structure after the shear layer rolls up. Downstream
from reattachment, the velocity profile at the turbulent boundary layer seems to scale to a self-similar form.
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1. Introduction
Transitional separation bubbles can be found recursively in aeronautical applications as the flow around wings1,
wind turbine blades2, or turbomachinery blades3. They can arise when laminar boundary layers develop in adverse
pressure gradients4,5, scenarios propitious to laminar flow separation. As a result of the downstream evolution of the
highly unstable, separated shear layer4,6, kinetic energy is transferred from the mean flow to instability waves, which
are amplified and trigger the transitional process7. In the final stages of this sequence, the momentum transfer taking
place at the region close to the wall abruptly increases, causing reattachment of the separated, turbulent shear layer8.
A recirculation bubble of low momentum fluid enclosed between the separation and the reattachment stations is then
formed.
This work synthesizes the scaling laws and flow physics for the diﬀerent regions in separation bubbles (figure 1)
based on experimental measurements over a flat plate subjected to an adverse pressure gradient flow. Special attention
is given to the initial and final stages of the transitional process.
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Fig. 1: Up: Edge velocity for diﬀerent separation bubbles obtained from pressure distribution and two diﬀerent instantaneous frames from flow
visualizations. Down: sketch and diﬀerent regions in transitional separation bubbles
2. Experimental set-up
The experiments have been conducted in an open-return wind tunnel having a test section’s channel character-
ized by a downstream modulated height, 0.3 m span rectangular cross section, and an approaching flow turbulence
intensity lower than 0.1% for the relevant range of disturbance frequencies. Separation bubbles are generated on an
aluminum flat plate by imposing, at some distance from the plate’s leading edge, a region with a constant inviscid flow
deceleration that is achieved through a downstream diverging channel height. Starting from a u0 free stream velocity
established at the opening of the deceleration, the imposed inviscid velocity profile uinv(x) introduces a characteristic
deceleration length scale Ld given by [d(uinv(x)/u0)] / [d(x/Ld)] = −1, with Ld = 875 mm. The parameters u0 and
Ld allow defining the relevant Reynolds number, ReLd = u0Ld/ν. Wall pressure, pitot-static probes, hot-wire, PIV,
and LDV anemometry measurements are conducted to characterize the flow evolution. Hot-wire measurements are
used to study the spectral evolution of fluctuating velocity, whereas mean flow properties and large scale dynamics are
obtained from PIV and LDV characterizations. Experiments have been performed in the interval 3 < ReLd · 10−5 < 9,
which corresponds to Reynolds number range based on the momentum thickness (θs) and edge velocity at separation
(us) of 2.1 < Reθs ·10−2 < 4. Additional details about the experimental set-up can be found in other authors’ works7,8.
3. Results
Up to the onset of transition, the separation bubble defining parameters include the laminar separated shear layer
momentum thickness θ, its angle with respect to the wall γ, and its streamwise extension LI . These parameters are
widely studied in7 where it is shown that, for the experimental setup used in this work, the velocity profile at the
test section station where inviscid deceleration is initiated is similar to a Blasius velocity profile. Furthermore, at
the separation station, a Pohlhausen’s like velocity profile with momentum thickness verifying θsLd ≈
0.4√
ReLd
and shape
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factor Hs ≈ 2.9 is found. From that condition, the momentum thickness exhibits a slow variation along the laminar
part of the resulting, separated shear layer. The shear layer positions to compensate the adverse pressure gradient,
with a dependence of the angle γ on ReLd approximately given by the laws γ ≈ 2900Re−5/6Ld ≈ 61Re
−1/2
Ld − 0.042.
Denoting xs as the streamwise location of separation, and LI as the downstream extension of the laminar separated
shear layer, the streamwise evolution
(
x˜ =
x−xs
LI
)
of the non-dimensional velocity spectrum E˜ = E
θsus
as a function of
non-dimensional frequency f˜ = f θs
us
for ReLd = 4 ·105 is shown in figure 2a. Beyond an initial zone that approximately
extends to x˜ = 0.5, where the spectrum remains approximately constant, the spectral contents grow in a certain range
of frequencies. Further downstream higher order harmonics appear and, finally, an increase in the energy contents
takes place over a broad frequency range. Thus, the velocity perturbations growing in this unforced configuration
include a range of frequencies, similar to the results found in previously reported studies9,10, and not only a selec-
tive one as suggested in other works in literature11. A characteristic frequency of the instability process f˜c can be
constructed from a weighted integral of the spectral diﬀerences ΔE˜ = E˜ − E˜base, where E˜base represent the baseline
spectral contents found at x˜ < 0.5. The downstream evolution of f˜c is presented figure 2b for 0.5 < x˜ < 1. It is seen
that the characteristic frequency falls in the range 0.01 ≤ f˜c ≤ 0.013, a result that agrees well with values typically
reported in literature. Furthermore, the obtained values lead to suspect that, as reported in 12 and13, the dominant
transitional mechanism in this low disturbance environment is of inviscid type, i.e., a KH instability type.
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Fig. 2: (a) Non-dimensional spectral evolution of perturbation velocities in the separated, laminar shear layer for ReLd = 4 · 105. Diﬀerent
streamwise locations (0 < x˜ < 1.3 , plotted at equispaced intervals Δx˜/LI = 0.1) are shown with the thickest line represents the considered base
level for the unperturbed spectrum. (b) Downstream evolution of the non-dimensional frequency characterizing the instability of the separated
shear layer. Legend is ReLd · 10−5. (c) Amplification curves from measured spectra. Upper graph: Evolution of the non-dimensional amplification
factor A. Lower graph: ln(A) as a function of the distance to the virtual origin of the instability non-dimensionalized with the momentum thickness
at separation. Symbols as in figure (b)
In the interval 0 < x˜ < 1 the evolution of E˜ can be described by an amplification factor A(x˜) = E˜(x˜)
E˜(1) . The
measured amplification factor (figure 2c, upper graph) is seen to be Reynolds number independent, thus reinforcing
the hypothesis of the inviscid character of the instability. The Reynolds number makes its influence through the shear
layer to wall angle γ, through the momentum thickness at separation θs, and through the extension of the separated
laminar region LI , as previously stated. In the present study viscous instabilities, which could play an important role14
have not been detected or they are masked by the noise. In any case their possible presence seems not to aﬀect the
perturbations evolution in the separated shear layer. The small, constant level of the amplification factor close to the
separation station can be interpreted as the background energy fluctuation initially injected on the separated shear
layer over the receptive frequency range. From a certain downstream station x˜0i, the amplification factor A is seen
to have an exponential increase with the downstream distance, corresponding to the zone of application of the linear
stability theory15. In this region, the amplification factor can be approximated by A ≈ exp
(
x˜−x˜∞
0.042
)
. According to the
experimental results, the linear instability saturation station is placed at x˜∞ ≈ 1, almost coinciding with the extension
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of the laminar region LI . This parameter is seen to scale with the momentum thickness θs as LI/θs ≈ 1667, leading to
an amplification law of
A ≈ exp
[
0.145
(
x − LI
θs
)]
, 100 < x
θs
<
LI
θs
(1)
The reattachment region is coupled with the final stages of the transitional process as shown in the averaged
velocity and Reynolds stress fields presented in figure 3. The presence of a vortex-like structure with an extension of
approximately the length of the reattachment zone (LII), originates the negative wall normal velocities contributing to
close the separation bubble. It could be expected that this length were related to the wavelength of the most amplified
perturbation. Considering a convective velocity (uc) of the perturbation to be approximately half of the free stream
velocity , the wavelength results in λ˜ = λ/θs ∼ [36, 50]. The experimental results don’t seem to agree with the previous
line of thought8. Instead, the length of the reattachment zone seems to be related to the height of the separation bubble
(hω), defined as the distance from the maximum mean vorticity point to the wall at xI , fitting to a constant value for
the ratio LII/hω ≈ 4.38. The time averaged measurements presented in figure 3 also demonstrate that there is a sudden
increase in the wall normal velocity and turbulent kinetic energy production term
(
−u′v′ ∂u
∂y
)
at the end of the laminar
region (x˜ = 1). The onset of turbulent kinetic energy production approximately occurs at the shear layer inflectional
point location, where the mean flow vorticity peaks and the perturbation mode predicted by linear stability theory
achieves its maximum value6.
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Fig. 3: Time averaged PIV results at the final transitional stages and reattachment zone, ReLd = 4.3 · 105. a) Time averaged velocity vector field.
b) Non dimensionalized wall normal velocity v/us . c)
√
u′2/u2s . d) −[u′v′/u2s ][∂u/∂y][θs/us]. Vertical black line: end of the laminar zone. Dotted
black line: Loci of null streamwise velocity points. White line: separation streamline.
A hot-wire probe located at x˜ = 1 and slightly above the separation bubble has been used as a sensor to detect the
presence of large scale structures associated to the instability process. Details on the detection process can be found
in8. Using its output as pattern sensor, phase-locked measurements can be conducted. Figure 4 presents PIV phase-
locked measurements obtained in the transitional region (0.85 < x˜ < 1.3). The results demonstrate that the transitional
region is characterized by the existence of two vortex blobs whose axis is aligned in the spanwise direction. It seems
that the vortices can already be identified slightly upstream from x˜ = 1. From this point, the vortex blobs are convected
downstream. The distance between consecutive vortices is approximately λ/θs ≈ 30. In a first region (from A to B)
the shape of the vortex blobs remains almost unchanged, with an aspect ratio of order unity, being the shape of the
vortex blobs clearly diﬀerent from the “mean reattachment vortex” shown also in figure 4. The most striking feature
of the phase measurements presented in figure 4 is the downstream evolution of the most mature vortex blob. As it is
convected downstream, its center is pushed towards the wall and, at the same time, its coherence is lost in the phase
vector plots. The process is very rapid and complex, with 3D eﬀects, needed to quickly destroy the previous quasi 2D,
simple vorticity field. This is a region where the pressure field exhibits large adverse gradients. The coupling between
the formation of the vortex blob, inducing a strong velocity perturbation field, and the external pressure response
seems to be a key elements in the reattachment process. The fluid phenomenology for the diﬀerent Reynolds numbers
characterized is similar to the one previously explained, with two vortex blobs spatially coexisting per cycle that in
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a first stage are downstream convected and after are pushed against the wall, generating small scale structure. The
mean large scale wave-length of the process has been visually identified, obtaining λ/θs ≈ 35 for ReLd = 4.0 · 105 and
λ/θs ≈ 25 for ReLd = 6.2 · 105 (8).
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Fig. 4: Phase averaged velocity fields and Q-criterion. ReLd = 5.1 · 105. X-Axis representes (x − xs)/θs while Y-Axis is y/θs . The phase-locked
velocity fields are presented in a diﬀerent scale than the average velocity field.
As a result of the non-linear transitional processes and the destruction of the coherent large scale, the boundary
layer reattaches in a turbulent state. Figure 5 shows the downstream evolution of the velocity profiles for diﬀerent
Reynolds numbers. It can be observed that using the velocity scale proposed in16, uZS =< ue − u >= ueδ
	
δ
, slightly
modified to avoid the uncertainty in defining the δ thickness of the boundary layer,
uZS = max
[
u(y)δ	(y)
y
]
(2)
, and the related length-scale
δZS =
ueδ
	
uZS
(3)
, the non-dimensional velocity profiles coalesce quite-well for the outer region, as proposed in17. This behavior has
also been found in numerical simulations18. Notwithstanding the uncertainty of the velocity measurements close to
the wall, this finding can constitute the first step to develop a self-similar model for the behavior of the reattached
boundary layers in transitional separation bubbles, being the similarity variable η = y
δZS (x) and defining the velocity
profile in terms of f (η) = ue(x)−u(x,η)
uZS (x) .
4. Conclusions
The natural transition process that develops over a flat plate exposed to externally decelerating flow has been
experimentally investigated. From an initial station, the external flow velocity linearly decays with the downstream
distance, leading to the laminar separation of the plate’s boundary layer. The flow at the separation station is seen
to be in accordance with Pohlhausen’s description. Downstream from this point, a laminar shear layer that departs
at an almost constant angle from the flat plate surface is generated. The separation angle is set to compensate the
external flow adverse pressure gradient. The separated shear layer undergoes an inviscid instability process, leading
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Fig. 5: Streamwise velocity profiles after reattachment. The profiles are non-dimensionalized with characteristic velocity and length scales in
expressions 2 and 3.
to the formation of a KH wave that collapses in individual vortex blobs. The initial stages of the instability process are
seen to be well described by parallel flow LST. Measurements conditioned to the KH wave phase are used to describe
the evolution of the transition process. It features the presence of two collapsed vortex blobs, where the most mature
one is violently pushed to the wall, closing the separation region and forming a recirculation bubble. In the process,
strong adverse pressure gradients are created and the flow suddenly becomes highly three-dimensional, leading to the
rapid destruction of the vortex blob. After reattachment, a turbulent boundary layer with a self-similar outer structure
is found to occur. Detailed quantitative measurements allow proposing scaling laws for diﬀerent key aspects included
in the flow development.
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